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Abstract
This pioneering experimental work is a proof of concept in which ultrasonic flexural waves have been imaged in a
spatially and temporally resolved manner. Thin vibrating plates made of mirror glass and carbon/epoxy composite
have been used in the experiments. Results obtained via a standard approach (scanning laser Doppler vibrometry)
and the novel methodology based on deflectometry have been compared with a multi-physics finite element simulation.
There is a very good correlation between the two experimental techniques. The numerical model provides insight into
the experiments, but differs in its detailed structure due to uncertainties over material properties. The extreme slope
resolution of deflectometry allows the measurement of peak-to-peak deflections of a few tens of nanometres in one shot.
The use of an ultra-high speed camera allows for both space and time resolved measurements of Lamb waves which,
to the best knowledge of the authors, has never been reported before. The limitations of the technique arise from the
need for a flat specularly reflective surface. However, coating is possible for non-reflective materials and extension to
moderately curved surfaces is possible in the future.
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1. Introduction
This paper introduces a technique for imaging Lamb-
like flexural waves in a solid plate. Pure Lamb waves, able
to propagate in free plates of infinite extent, were described
by Horace Lamb in 1917 [1]. In these plate waves both
free surfaces move simultaneously, in contrast to Rayleigh
waves which penetrate a limited distance into the bulk
from a single moving surface [2]. There are two types of
Lamb waves as illustrated in figure 1 and of primary in-
terest here is the antisymmetric, or flexural, wave.
(a) Symmetric (b) Antisymmetric
Figure 1. Types of Lamb waves.
These waves have attracted a lot of attention as they
can propagate easily over long distances which makes them
sensitive to the presence of damage or defects. Ostachow-
icz et al. have recently published a review article on full
wavefield signal processing for crack detection [3]. In this
article, the authors list three techniques that have been
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used to measure the full wavefields: ultrasonic transduc-
ers, laser Doppler vibrometry (LDV) and shearography.
Ultrasonic transducers gather data at a single point
where the transducer is attached and can be used for on-
line structural health monitoring, for instance. An array
of sensors can be used to triangulate the damage location
by analysing the time signals. Each of these sensors pro-
vides temporally resolved information but many of them
are required to obtain a spatially resolved information, and
each provides local mass-loading to the structure. There-
fore, this technology is not suitable to provide a full spatial
description of the structural response. Scanning using one
or more ultrasonic transducers moved over a surface is also
possible [4, 5] but lacks the speed and flexibility of full-field
approaches.
LDV also gathers information at a single point but uses
the Doppler-effect: the frequency shift of the reflected laser
light from a moving point on the surface measures its lo-
cal velocity. It is therefore a non-contact method and can
be automated to scan the plate over a predefined mea-
surement grid. This is scanning laser Doppler vibrome-
try (SLDV) and it provides spatially-resolved information
allowing a structure’s operational deflection shape to be
ascertained [6] as long as the excitation and specimen re-
sponse are stable with time. Thanks to its relative ease of
implementation, it has been extensively used, for example,
in full wavefield signal processing [3] but also in damage
detection using mechanical equilibria formulations at low
frequency on beams [7], mid frequency [8] and high fre-
quency [9–12] on plates. Scanning laser Doppler vibrom-
etry provides similar data to the technique proposed here
as long as the excitation and response are stable over a
prolonged period of time. However, the scan time is gen-
erally long and the spatial resolution is typically limited
to a few hundred data points for a reasonable scan time,
which is not enough to capture local strain concentrations
arising from the presence of defects, as seen for instance
on delaminated plates [13, 14]. Finally, it is unsuited for
capturing transient data.
Shearography is a full-field interferometric technique
which measures surface slopes (spatial derivatives of de-
flection) [3]. It has only been used to directly visualise
damage such as cracks and delaminations or defects as
these features reflect the incident waves. The reason be-
hind this is the need for strobe lights which only allows the
acquisition of data at a specific time to obtain the max-
imum magnitude, making this technique inconvenient for
time-resolved measurements. Shearography provides spa-
tially resolved information but temporal resolution is poor.
Moreover, the equipment required for this technique is ex-
pensive and can be complex to use.
Among other full-field techniques, an obvious choice
would be digital image correlation (DIC) [15]. It pro-
vides spatially and temporally resolved surface displace-
ment maps by using cameras to track random markers at-
tached onto the surface of the tested specimen. However,
its displacement resolution is not sufficient for the current
application. If one considers a correlation resolution of
0.01 pixels [16] and an sensor array of 1000 × 1000 pix-
els, one can therefore detect displacements of 0.01/1000 =
1×10−5 of the field of view. For a field of view of 60 mm×
60 mm as is the case here, one has a resolution in out-of-
plane displacements of 600 nm, about 3 times larger than
the maximum amplitudes measured in this work. To be
able to image these waves, the resolution would need to
be around 10 nm requiring a factor of 60 improvement.
This may be achieved by spatial smoothing but assum-
ing noise scales down with the square root of the width
of the smoothing window, the smoothing window should
be 602 = 3600 data points wide which is more than three
times larger than the number of independent displacement
measurement points for a typical 30× 30 pixel subset size.
The method adopted here is the grid method in deflec-
tometry [13, 17–19]. It provides spatially and temporally
resolved surface slope maps by tracking the reflection of a
regular grid pattern on the bent sample. This technique
has an extremely high slope resolution. If one considers
a resolution in slopes of 0.53 mm km−1 [14] and a spatial
resolution of 1 mm, one could theoretically have a resolu-
tion in out-of-plane deflections of 0.53×10−6 × 1×10−3 =
0.53 nm. Combined with ultra-high speed imaging, this
technique is perfectly suited for this type of experiment.
DIC can also be used in specular reflection mode using a
random pattern for the reflection target [20]. This would
improve the resolution of DIC, however, the spatial reso-
lution is lower than that of grid-based deflectometry.
This paper presents a feasibility study on the spatially
and temporally resolved visualization of ultrasonic flexu-
ral waves using a full-field slope measurement technique
called deflectometry. To the best knowledge of the au-
thors, it is the first time that this has been reported. It
has the potential to provide a very valuable alternative to
existing techniques to measure ultrasonic waves for NDT
applications. The deflectometry measurements are used to
generate operational deflection shapes for the plate which
are compared to scanning laser Doppler vibrometry and
numerical results. The first section describes the experi-
mental set-up and data processing, then the finite element
model is reviewed and the results are finally presented and
discussed.
2. Experimental set-up
Two materials have been tested. The first one is a
mirror made of glass with a reflective backing; the lat-
eral dimensions are 152 mm by 110 mm and the thickness
is 1.9 mm. A piezoelectric transducer has been bonded
onto the back of the mirror using an epoxy resin. The
second material is a carbon/epoxy laminate, Hexcel IM7-
8552. The lay-up is [0 / + 45 / − 45 / 90]3s and the ply
thickness is 0.125 mm. The lateral dimensions of the car-
bon/epoxy plate are 200 mm by 140 mm and the thickness
is 3 mm. The piezoelectric transducer has been coupled
onto the plate using a coupling gel and spring clamps. A
gel coat has been applied onto the carbon specimen to ob-
tain a smooth specularly reflective surface, according to
the procedure detailed in [21]. This procedure was im-
proved by adding an inert charge, carbon powder in this
case, to the mix in order to ensure maximal opaqueness
and avoid any parasitic reflections from the rough speci-
men surface under the coating [22].
The piezoelectric transducer is a square plate (50 mm
by 50 mm by 2.01 mm) of Ferroperm PZ26 and is made of
lead zirconate titanate (PZT). Figure 2 provides schematic
of the samples (blue), the attached PZT (orange) and the
regions of interest (ROI) imaged by the camera (green)
and SLDV (red dashed line) for the glass panel only.
The experimental results have been obtained using the
grid method in deflectometry. This method provides local
surface slopes and is based on specular reflection of light
as expressed in the Snell-Descartes law. Figure 3 presents
a photo of the experimental set-up. The camera on the
left-hand side is looking at the reflection on the sample of
a printed grid pattern. The grid is a cross-hatch black and
white pattern with a pitch of 2 mm and is shown as seen by
the camera in the zoomed-in region in figure 3. The grid
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Figure 2. Schematic of the samples with the piezoelectric transducer
attached at the back and the various regions of interest, in green
for the camera and in dashed red for the scanning laser Doppler
vibrometer.
and the sample are around 1 m far away on the right-hand
side. Two 500 J and two 200 J flash lights have been used
to provide sufficient illumination during the tests. The
PZT driver equipment, situated on the right-hand side,
consisted of a sinusoidal signal generator, a power ampli-
fier and an oscilloscope to check the excitation frequency
and amplitude. The sample needed to be supported dur-
ing excitation to make the loading more stable, but in
a way that approximated free-free boundary conditions.
This was experimentally achieved by covering two thirds
across the width of the bottom 2 cm of the sample with
a fluffy textile and lightly clamped as illustrated in the
zoomed-in area.
Figure 4 presents the electrical impedance and phase
spectra of the system ”PZT bonded onto plate” for both
mirror glass and carbon/epoxy composite. They were ac-
quired by measuring the impedance at the PZT connec-
tions while sweeping through a frequency range using an
impedance meter (C60 from Cypher Instruments). One
frequency (43.3 kHz) was selected for the mirror and two
(37.1 kHz and 99.8 kHz) for the composite plate. They
are highlighted as vertical dashed lines in figure 4. These
frequencies are electrical impedance minima, and thus lie
close to mechanical resonances of the system; by operat-
ing close to resonance, we achieve larger amplitude flexural
waves. The lower frequencies were selected as they were
expected to produce large deformation amplitudes and the
much higher one to test the limits in terms of amplitude
and frequency while maintaining the time resolution for
the frame rate (1 MHz).
A schematic of the principle of deflectometry is pro-
vided in figure 5. Since the specimen surface is specularly
reflective, a given pixel of the camera images the reflection
of point P. When the sample deforms in bending, there is
a local slope change at point M which causes a deflection
of the ray of light. The same pixel now sees the reflection
of point Q. The distance MM’, denoted h, can be mea-
sured with a tape ruler and the distance PQ, denoted d,
can be evaluated from the displacements of the grid lines.
One can derive the following expression (see figure 5 for
the definition of α and β):
d
h
=
PQ
M ′M
=
PM ′ +M ′Q
M ′M
= −M
′P
M ′M
+
M ′Q
M ′M
= − tan (β) + tan (β + 2α)
= − tanβ + tanβ + tan (2α)
1− tanβ tan (2α)
(1)
Deflectometry is generally targeted at small deforma-
tions. When large deformations occur, the geometry changes
and the data processing becomes much more complex. In
the present case, the deformations caused by the flexural
waves will be extremely small. Therefore, tan (α) is much
smaller than one and Eq. (1) can be simplified to:
d
h
' − tanβ + tanβ + tan (2α)
1−((((((hhhhhhtanβ tan (2α)
' tan (2α) (2)
Since α is very small, tan (2α) is nearly equal to 2 tan (α).
tan (α) represents the local slope of the plate at point M
with:
tan (α) ' d
2h
(3)
In practice, d will be measured through numerical pro-
cessing of the grid images and therefore, tan (α) will be
provided by dividing d by twice the grid to specimen dis-
tance. It must be pointed out that this expression is only
valid when the distance h is relatively large in compari-
son to the sample’s dimension and the grid shifts. A new
expression has been recently derived that does not suffer
from such limitations [22] but it is unnecessary here. A
nice feature of this measurement technique is that by in-
creasing the grid to sample distance, one actually increases
the slope resolution while keeping the same spatial reso-
lution. There is however a physical limit to this increase
which is dictated by the magnification and quality of the
optical lens used on the camera.
Figure 6 shows the flow of the data processing for de-
flectometry to obtain strains and deflections from the grid
images and hence to allow operational deflection shape
analysis. A series of n pictures are taken during the test.
The first image is considered to be the reference. A fur-
ther image is taken from the stack. The spatial phases
along the horizontal and vertical directions of the reflected
grid pattern are first extracted using a spatial phase shift-
ing algorithm (windowed discrete Fourier transform) for
both images [18, 23]. For both directions, the phase maps
of the reference image are subtracted to that of the de-
formed images. They are then multiplied by p2pi to obtain
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Figure 3. Experimental set-up and zoomed views of the grid and the simple support conditions.
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Camera
Sample
Grid
M’ M
P
α
Q
β
2α
h
d
Figure 5. Principle of deflectometry
4
the grid line displacement denoted d with p the pitch of
the printed reference grid pattern. Using Eq. (3), the local
slope changes along both directions are obtained. Curva-
tures are then computed by numerical differentiation using
a centred finite difference algorithm. Equivalent strains
are finally obtained by multiplying the curvatures by half
the plate’s thickness according to the Love-Kirchhoff thin
plate theory. Strains are named ”equivalent strains” as
they rely on the thin plate assumptions. Wherever these
assumptions hold, they are actual surface strains which
will be the case here; but if they are violated they cannot
be called strains any more, see [14]. The deflection field
is obtained by a least square numerical integration algo-
rithm and setting the integration constant to zero as it
corresponded to having the values on the nodal lines close
to zero. This process is repeated for each images in the
stack leading to n − 1 sets of slope, strain and deflection
maps.
In order to provide adequate temporal resolution at
the required spatial resolution, ultra-high speed cameras
have been used to capture grid images at rates between
0.5 and 1 MHz. Ultra-high speed imaging is defined in
[24] in opposition to high-speed imaging where imaging
rates are limited by memory read-out rates. The cam-
eras used here rely on novel ’In-Situ Image Storage’ sen-
sors where the memory read-out limitation is alleviated
by storing the electrons directly on the chip and reading
the electron wells after the test. This enables the capture
of about 100 images at rates up to 5 MHz at an image
size of about 100,000+ pixels. These cameras have shown
issues when used to perform deformation measurements,
see for instance [25]. However, the new generation suffers
much less from these problems and imaging quality has
improved remarkably [26]. These new technological devel-
opments make it possible now to record images at rates
compatible with ultrasonic excitation, which significantly
extends the coverage of techniques like deflectometry.
For the mirror sample, a Shimadzu HPV-2 ultra-high
speed camera has been used to record a sequence of 102 im-
ages at 0.5 Mfps. It provides around 11.5 images per pe-
riod over 9 periods with the PZT driven at 43.3 kHz. The
first and last 12 images have been discarded because they
are not reliable (well-known issue with this type of cam-
era [25]) leaving 78 pictures to process. Its sensor array
is 312 by 260 pixels. For the carbon/epoxy plate, a Shi-
madzu HPV-X ultra-high speed camera has been used to
record a sequence of 128 images at 1 Mfps. This is a new
generation FTCMOS sensor which suffers much less from
the issues of the HPV-2 sensor, as shown in [26]. It pro-
vides around 10 images per period over 13 periods with the
PZT driven at 99.8 kHz and 37 images per period over 5
periods with the PZT driven at 37.1 kHz. Its sensor array
is 400 by 250 pixels. For both experiments, the grid pitch
was 2 mm and the sampling was 5 pixels per grid pitch.
The grid-sample distance is 0.85 m and 1.03 m for the mir-
ror and the carbon/epoxy samples, respectively. Using
these sets of images (n = 78 or n = 128), the slope maps
between image i and the reference, image 1, have been
computed. Additionally, the phase maps have been spa-
tially smoothed just after the spatial phase shifting step
using a Gaussian kernel of 3 × 3 and 2 × 2 pixels for the
mirror and carbon/epoxy samples, respectively. It was
necessary because the low fill factors of these cameras was
causing aliasing problems in the horizontal direction, as
reported in [25], even though the new Shimadzu HPV-X
was less prone to this, hence the lighter smoothing. This
also provided some extra noise reduction to improve the
signal to noise ratio given the spectacularly low levels of
deformation. Table 1 summarizes all the experimental pa-
rameters for both experiments and presents the noise floor
values for the different physical quantities. The noise floor
values were evaluated by first processing a series of grid
images taken at rest using the same experimental condi-
tions as a real test and following the work-flow described in
figure 6. Then the spatial standard deviation of the phase,
slope, strain and deflection maps were computed and the
final values were obtained by temporally averaging these
spatial standard deviations over the number of recorded
images.
Material Mirror Composite
Camera HPV-2 HPV-X
Frame rate (Mfps) 0.5 1
Number of pixels (Pix2) 312× 260 400× 250
Grid pitch (mm) 2.032 2.032
Sampling (Pix period−1) 5 5
Grid distance (m) 0.85 1.03
Gaussian smoothing (Pix2) 3× 3 2× 2
Noise floor phase (mrad) 2.72 8.34
Noise floor slope (mm km−1) 0.57 1.38
Noise floor strain (µm m−1) 0.25 1.41
Noise floor deflection (nm) 3.26 4.19
Table 1. Experimental parameters for both experiments. The tem-
poral fitting has not been included for the computation of the noise
floors, therefore overestimating it.
The camera was triggered without any reference to the
driving signal. This has the advantage of simplifying the
experimental procedure by avoiding the need for synchro-
nization of the camera to the excitation signal. However,
the first grid image most likely corresponds to an already
deformed state as a consequence. As the response is har-
monic and of the same frequency as the excitation, as il-
lustrated by figure 7, the complete series of slope maps
can be used to identify the harmonic response. This was
performed by fitting the following function at each data
point of the slope maps using a least-square approach:
S(x, y, t) = A(x, y) sin (ωt+ ϕ(x, y)) +B(x, y) (4)
with A, B, and ϕ, the amplitude, the offset, and the phase
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Figure 6. Data processing for deflectometry
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shift, respectively. Parameters A, B and ϕ have been iden-
tified at each data point so the complete response S(x, y, t)
could be reconstructed.
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Figure 7. Velocity frequency response function of the excited glass
mirror sample recorded by the vibrometer. Black dashed line indi-
cates excitation frequency.
A scanning laser vibrometer (Polytec PSV-300) has
also been used to validate the results with the glass mirror
specimen. The scan of 15× 17 data points took around 5
minutes to complete. The data have been resampled using
a linear interpolation from 15× 17 to 40× 50 data points
to be comparable with that from deflectometry (50 × 60
data points). Because of this interpolation and the re-
quirements of two numerical derivations, the strain fields
are not significant. The field of view from deflectometry is
slightly larger than that from the vibrometer, as shown in
Figure 2.
3. Finite element model
The excitation of the plate by the piezoelectric trans-
ducer has been simulated using the ANSYS multiphysics
finite element package. The PZT, the resin layer and the
mirror plate have been modelled. The properties of the
PZT have been taken from the manufacturer’s dataset [27]
and the driving voltage in the simulation matches the ex-
perimental values. The thickness of the resin layer was
evaluated to be approximately 0.1 mm. All of its proper-
ties have been taken as generic values for an epoxy resin.
The properties of the mirror, such as Young’s modulus,
Poisson’s ratio, and damping coefficient, have been cho-
sen to be representative of an ordinary glass. The density
has been obtained using the measured weight and dimen-
sions of the mirror sample. Table 2 lists the properties
of all materials used in the numerical simulations. It is
expected that the numerical results will not match the
experimental data because of the uncertainties in the ma-
terial properties and the hypothesis that the mirror-resin
and PZT-resin interfaces are perfect. It will however be
useful to gain physical insight into the system.
The elements are all 20-node quadratic bricks with full
integration. For the piezoelectric transducer, the element
is fully-coupled, i.e. both piezoelectric and mechanical
problems are solved simultaneously. The element refer-
ence number is SOLID226 with the first KEYOPT option
set for electro-elastic. For the plate and the resin layer, the
element is the classical mechanical one with the reference
number SOLID186. The damping is introduced as propor-
tional to the stiffness matrix divided by half the excitation
angular frequency. The damping parameter is denoted η in
Table 2. It corresponds to the parameter mj in equation
(14-22) from the theory reference of ANSYS [28]. From
the numerical results, the data have been retrieved in the
same region as the deflectometry results. The sample was
not constrained in displacements nor force. A zero volt-
age potential was applied on the surface of the PZT in
contact with the bonding material (resin or coupling gel)
and a harmonic potential with a magnitude of 130 V was
applied on the other side of the PZT.
4. Results
This section presents the results for both samples.
4.1. Mirror glass
Figures 8 to 10 present the comparison between the
SLDV, deflectometry, and numerical results. This com-
parison is performed on the operational deflection shapes
(Uz) figure 8, the horizontal and vertical slopes (Sx and
Sy, respectively) figure 9 and the horizontal, vertical and
shear equivalent strains (εx, εy, and εs respectively) fig-
ure 10. There is a very good correlation between the vi-
brometry (figures 8a, 9a and 9d) and deflectometry (fig-
ure 8b, 9b, and 9e) results for the out-of-plane displace-
ments and horizontal and vertical slopes. The operational
deflection shapes are almost the same and the amplitudes
match well, even though the SLDV slope data is lacking
in spatial resolution and as a consequence, provide lower
quality data than deflectometry. This is amplified when
looking at the strain data obtained from the curvatures.
The double spatial differentiation required for the SLDV
data, together with the need for linear interpolation, re-
sult in poor strain information though both amplitudes
and patterns show a very similar trend to the deflectom-
etry data. The strains are spectacularly low, between 20
and -20 microstrains.
The finite element results exhibit a less striking cor-
relation with the experimental results. In particular, the
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(a) Piezoelectric transducer [27]
ρ 2500 kg m−3 η 0.1 % E 5.0 GPa ν 0.3
(b) Epoxy resin
ρ 2500 kg m−3 η 0.01 % E 70 GPa ν 0.20
(c) Glass plate
Table 2. Material properties used in the finite element model. ρ is the density, εr the directional relative permittivity, η the structural
damping ratio, Cijkl the stiffness coefficients, eijkk the stress-charge coefficients, E the Young’s modulus, and ν the Poisson’s ratio.
predicted amplitudes are one order of magnitude larger
than the measured ones as expected. However, the spatial
wavelengths are very similar, as well as the orientation
of the wave patterns, which is reassuring. A sensitivity
analysis has been performed to understand how much of
these differences could be attributed to inadequate mate-
rial properties. It will also help to understand the effect
of each parameter on the global response of the specimen.
The results are presented in figure 11. The reference
case is presented in figure 8b. The same colour scale
has been kept to help visual comparison. Changing the
plate’s stiffness (figures 11a and 11d) modifies completely
the wave patterns and the amplitudes. This is simply
due to the fact that this modification changes the inter-
action between the shear and compressional waves that
form these standing flexural wave patterns. The modifica-
tion of the behaviour of the system due to the change in
the plate’s stiffness is clearly illustrated by the frequency
response function presented in figure 12. Reducing the
stiffness of the resin layer (figures 11b and 11e) induces
slightly higher deflections but its thickness (figures 11c
and 11f) did not change the behaviour greatly. It was
expected that the resin layer played an important role in
the results as it acts as a vibration damper because it is
sandwiched between the excitation and the specimen. As
expected, the damping coefficient (figures 11g and 11j) of
the specimen has very little impact on the results. It was
also checked that both the resin and the PZT damping had
even less effects but the results are not presented here for
conciseness. The mechanical (figures 11h and 11k) prop-
erties of the transducer have a critical effect on the sys-
tem’s behaviour whereas the piezoelectric coupling prop-
erties (figures 11i and 11l) have a much smaller influence.
It should be noted here that the electro-mechanical cou-
pling factor, also called electro-mechanical efficiency, has
not been taken into account in the simulation. Its effect
would be to reduce the global response. Figure 13 com-
pares the impedance spectra of the modelled PZT to those
measured experimentally close to the first thickness reso-
nance. It can be seen that although the results are close,
there is a small frequency error relating to an imperfect
match in material parameters. We chose not to pursue
closer matching of these properties, as uncertainties in the
properties of the plate will also contribute to the variation
between modelled and experimental results as shown pre-
viously. Moreover, the interface between the transducer
and the plate being considered as perfect will also con-
tribute to this mismatch. However, despite the differences
observed the FE model is still valuable for understanding
the type of wave propagation observed experimentally and
the effect of the material properties. The qualitative agree-
ment in spatial frequencies and wave patterns is enough to
back-up the deflectometry measurements at this stage.
4.2. Carbon/epoxy plate
Figure 14 presents the deflectometry operational de-
flection shapes for excitations at 37.1 kHz and 99.8 kHz.
The data in the zone where the plate is connected to the
piezoelectric transducer (top right corner) has been hid-
den. The values in this region were mainly driven by
the PZT and were of much higher magnitude than that
of the plate only. At 37.1 kHz, the carbon/epoxy plate
exhibits a similar response to that of the glass plate at
43.3 kHz shown in figure 8. The spatial wavelengths are
similar though the deformation amplitudes are lower, as
expected from the fact that damping is higher in this poly-
mer based material. Exciting the sample with a higher fre-
quency causes the flexural wave patterns to change. The
spatial wavelengths are now shorter and the amplitudes
much smaller. These maps clearly illustrate the value of
the deflectometry technique: providing very rich and de-
tailed maps of extremely small deformations.
5. Conclusions
Deflectometry has been successfully used here to pro-
vide temporally and spatially resolved measurements of
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Figure 8. Comparison of the operational deflection shapes between scanning laser Doppler vibrometry, deflectometry and finite element
simulation for the mirror sample excited at 43.3 kHz.
(a) Sx (mm km
−1) – SLDV (b) Sx (mm km−1) – Deflectometry (c) Sx (mm km−1) – FE simulation
(d) Sy (mm km
−1) – SLDV (e) Sy (mm km−1) – Deflectometry (f) Sy (mm km−1) – FE simulation
Figure 9. Comparison of the horizontal and vertical slopes between scanning laser Doppler vibrometry, deflectometry and finite element
simulation for the mirror sample excited at 43.3 kHz.
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(a) εx (µm m−1) – SLDV (b) εx (µm m−1) – Deflectometry (c) εx (µm m−1) – FE simulation
(d) εy (µm m−1) – SLDV (e) εy (µm m−1) – Deflectometry (f) εy (µm m−1) – FE simulation
(g) εs (µm m−1) – SLDV (h) εs (µm m−1) – Deflectometry (i) εs (µm m−1) – FE simulation
Figure 10. Comparison of the horizontal, vertical and shear equivalent strains between scanning laser Doppler vibrometry, deflectometry and
finite element simulation for the mirror sample excited at 43.3 kHz.
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(a) Uz (nm) – RD = +270.65 %
Epla = 60 GPa < E
ref
pla = 70 GPa
(b) Uz (nm) – RD = +10.18 %
Eres = 4 GPa < Erefres = 5 GPa
(c) Uz (nm) – RD = +1.71 %
tres = 0.08 mm < trefres = 0.10 mm
(d) Uz (nm) – RD = +188.12 %
Epla = 80 GPa > E
ref
pla = 70 GPa
(e) Uz (nm) – RD = +1.66 %
Eres = 6 GPa > Erefres = 5 GPa
(f) Uz (nm) – RD = +2.71 %
tres = 0.12 mm > trefres = 0.10 mm
(g) Uz (nm) – RD = +0.07 %
ηpla = 0.001 % < η
ref
pla = 0.01 %
(h) Uz (nm) – RD = +594.16 %
Epzt = 90 % < Erefpzt = 100 %
(i) Uz (nm) – RD = +29.30 %
Electpzt = 90 % < Electrefpzt = 100 %
(j) Uz (nm) – RD = −3.89 %
ηpla = 0.1 % > η
ref
pla = 0.01 %
(k) Uz (nm) – RD = +86.76 %
Epzt = 110 % > Erefpzt = 100 %
(l) Uz (nm) – RD = +32.52 %
Electpzt = 110 % > Electrefpzt = 100 %
Figure 11. Sensitivity analysis of the out-of-plane deflection in the operational deflection shapes to various parameters. RD is the relative
difference of the absolute extrema between this case and the reference from figure 8b. A positive value indicates a higher value for the studied
case and vice versa.
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Figure 12. Frequency response function of the glass plate for different
Young’s moduli. The vertical dashed line indicates the excitation
frequency.
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Figure 13. Frequency response function of the glass plate for different
Young’s moduli. The vertical dashed line indicates the excitation
frequency.
the operational deflection shapes caused by ultrasonic flex-
ural waves propagating in mirror glass and carbon/epoxy
composite samples. The results were corroborated by a
standard measurement technique (scanning laser Doppler
vibrometry, SLDV) in terms of amplitudes and spatial dis-
tributions, even though the quality of the deflectometry
measurements proved far superior in terms of spatial res-
olution. The finite element simulation did not provide a
full validation as the deformation amplitudes were an or-
der of magnitude higher than the experimental ones, but
the spatial wavelengths were consistent with the measure-
ments. This is thought to be partly due to inaccuracies in
the material parameters but probably more because of the
difficulties in accurately representing the coupling between
the PZT transducer and the panel. Since the objective
here was not to develop a full finite element validation,
this was not explored any further. It was also possible to
investigate the effect of the excitation frequency on the re-
sponse, up to 100 kHz.
To the best of the authors’ knowledge, this is the first
time that deflectometry has been used to image ultrasonic
flexural waves. The key feature of deflectometry is that it
measures slopes directly instead of deflections. This is ex-
tremely beneficial here as the curvatures (and hence, the
strains in thin plate theory) are only one spatial differ-
entiation away from the raw measurements, whereas the
measurement of deflections requires a double spatial differ-
entiation which strongly amplifies the effect of noise and
compromises the curvature resolution. The main differ-
ence with existing techniques is that it provides temporal
and spatial resolution simultaneously. The temporal res-
olution is limited by the frame rate of currently available
ultra-high speed cameras, typically 0.2 µs for the state-of-
the-art cameras. This enables one to resolve the waves
at frequencies up to 100 kHz at least. The spatial reso-
lution of the measurements is limited by the spatial res-
olution of the camera sensor. The larger in this paper is
400 × 250 pixels2 but another camera provides the same
frame rate but with a 924 × 768 array sensor (Kirana
camera, Specialized Imaging Ltd, UK). The spatial res-
olution also depends on the algorithm used to process the
digital images. Here, the grid method enables to obtain
an independent slope measurement point for each set of
5× 5 pixels2. Using a random speckle target and a digital
image correlation matching, a larger window would be re-
quired, typically 20× 20 pixels2, leading to 16 times fewer
data points. With the current setting using the Shimadzu
HPV-X, the technique records the slopes simultaneously
over a 50 by 80 grid. With SLDV, a grid of 15 by 17
measurement points was used, leading to a scan time of
about five minutes. To provide the same spatial density
as deflectometry, the scan time would have been about 80
minutes. Over such a long time, the stability of the speci-
men response becomes a key issue.
The main limitation of the present technique is that it
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(a) Uz (nm) – 37.1 kHz (b) Sx (mm km
−1) – 37.1 kHz (c) Sy (mm km−1) – 37.1 kHz
(d) Uz (nm) – 99.8 kHz (e) Sx (mm km
−1) – 99.8 kHz (f) Sy (mm km−1) – 99.8 kHz
(g) εx (µm m−1) – 37.1 kHz (h) εy (µm m−1) – 37.1 kHz (i) εs (µm m−1) – 37.1 kHz
(j) εx (µm m−1) – 99.8 kHz (k) εy (µm m−1) – 99.8 kHz (l) εs (µm m−1) – 99.8 kHz
Figure 14. Deflectometry operational deflection shapes for the carbon/epoxy sample at 37.1 kHz and 99.8 kHz. Uz is the out-of-plane
displacement, Sx and Sy are the horizontal and vertical slopes, respectively and εx, εy , and εs the horizontal, vertical and shear equivalent
strains, respectively.
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is restricted to flat panels with smooth and highly specu-
lar reflective surfaces. The first requirement (flat surface)
could be overcome by developing a calibration method
suitable for this particular problem. This is difficult but
not beyond reach as many studies have already been pub-
lished on shape measurement of reflective surfaces, see
[29] for instance. The second limitation is the need for
a smooth and reflective surface. In the present work, the
composite plate was coated with a thin layer of resin, ac-
cording to the procedure developed in [21]. This would
need to be extended to curved surfaces which should be
possible, for instance using a smooth inflated silicone mem-
brane which could be applied to the curved surface to
mould the gel coat against. This means that the current
technique has great potential for future NDT applications
on structures like windmill blades or aerospace composite
membranes, for instance. Finally, one of the challenges
in NDT is to ”read” these wave maps for the presence of
damage. Recent damage indicators relying on mechanical
equilibrium and dedicated to spatially resolved deforma-
tion data [14] could be adapted to this problem.
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